Introduction 48
Humans started to ferment food before the emergence of the Neolithic using naturally 49 fermenting microbial communities. In the 19 th century, the industrialization and the increase of 136 Inkscape) have been done with R.
137
To analyse bread making practices, a multiple correspondence analysis (MCA) and hierarchical 138 clustering on principal components based on the first two axes of the MCA were performed using the 139 FactoMineR R package [36] .
140
To analyse fungal community, weighted Unifrac distances between sourdough communities were 141 computed from a rooted phylogenetic tree based on the OTUs sequences using the R-packages Phyloseq 142 and GUniFrac [26, 27, 38] . Phylogenetic sequences were aligned with Clustalo [37] and phylogenetic 143 tree were built with the parsimony algorithm, with 100 replicates bootstraps, pairwise ktuple-distances 144 with Seaview [37] . Different roots were tested (Sporidiobolales sp., Bullera globospora, Trichosporon 145 asahii, Udeniomyces pyricola). Tree architecture did not change with the root. It did not fit the expected 146 phylogeny and, notably, some Ascomycota were misclassified among the Basidiomycota. However, the 147 dominant sourdough species belonging to the Saccharomycetaceae family were clustered according to 148 expected clades or subclades, except that Kazachstania servazzi and Kazachstania unispora were 149 grouped in a clade closer to Saccharomyces species than to other Kazachstania species. Using the 150 Unifrac distances matrix, we performed a Principal Coordinate Analysis (PCoA) and clustered 151 sourdough communities using the first two axes of the PCoA. To check the sensitivity of our analysis 152 to this misclassification, we performed the same analyses without the sourdoughs that had one 153 misclassified species representing more than 10% of their reads, i.e. sourdoughs B20, B41, B42, and 154 B44 and found the same clustering [27] . [39, 40] . For probability estimates, the exact 95% 159 confidence intervals were computed using a binomial distribution.
160
To study the link between microbial diversity and bakery practices, a univariate Permutational
161
Multivariate Analysis (PERMANOVA) on the Unifrac distance matrix was performed for each bakery 162 practice variable. We performed univariate analysis on the 30 bakers who had less than 8 missing values 163 among the 29 bread making practices variables and adjusted the p-value using FDR correction to account 164 for multiple testing. In addition, independence exact Fisher tests between the variable providing fungal 165 community PCoA groups and each of the bread making practices variables were performed. Multiple 166 testing was accounted for using the False Discovery Rate method [41] .
167
The link between the baker practices group, the fungal community group or the yeast dominant species 168 and the variation of each quantitative variable (microbial density, pH, TTA, metabolite concentration) 169 was tested with the following mixed effect model: 2 )34 = µ + 8 ) + B : + ; )34 with ; )34 ~N(0,σ²), where 170 8 ) is the effect of the fungal community group i modelled as a fixed effect and B : is the effect of 171 sourdough j modelled as a random effect and k represents the measurement replicates. For sourdough 172 hydration rate, the variable was arcsin transformed but sourdough effect was not included in the model 173 because no repetition was obtained from any sourdough. 
179
Data and scripts are shared on Zenodo. http://doi.org/10.5281/zenodo.2600170
Results and discussion
182 Bread making processes and the diversity of bread making practices 183
We worked with thirty-nine French bakers producing natural sourdough bread and distributed all over 184 France (Table S1 ). Their bread making practices were analysed through personal interviews (n=12), 185 focus groups (n=3), observation during break-making workshops (n=2), and an online/phone survey 186 (n=36). The general process of sourdough bread making is presented in Figure 1 . We analysed 29 187 variables around this general bread making process, describing variations of the practices at all steps of 188 the bread making process, from wheat grains to baked bread ( Figure S1 ). Three bakers who did not 189 answer the survey on bread making practices, and four others who did not provide enough information 190 about their practices were excluded from the analysis. According to a hierarchical clustering on principal 191 components (HCPC), the 32 other bakers clustered into two groups corresponding to two main types of 192 bread making practices ( Figure 2 ). The first group, hereafter termed "farmer" practices group, includes 193 6 bakers and 11 farmers-bakers using the following practices: low bread production (<500 kg per week,
194
81% of the bakers of the "farmer" group), use of ancient wheat populations (56%), manual kneading 195 (63%), working at ambient temperature (88%), long fermentation periods (more than 4 hours for 88%), 196 and no use of commercial baker's yeast (88%). In addition, they tend to make their chief sourdough 197 from dough after kneading (75%). The second group, hereafter called "artisanal" practices group 198 consists of 12 bakers and 4 farmer-bakers having more intensive practices, characterized by a large bread 199 production (>500 kg per week, 81%), mechanical kneading (100%), use of modern wheat varieties 200 (63%), working at ambient temperature (56%), using commercial yeast starters in addition to sourdough 201 for bread making or using commercial yeast starters for pastries and buns making (81%). In this second 202 group, bakers tend to make their chief sourdough from a final sourdough.
Fungal community composition

204
Sourdough is a mix of flour and water naturally fermented by bacteria and yeasts. Sourdough yeast 205 density ranged from 8.1 10 4 to 5.8 10 8 CFU per gram of sourdough, with a mean value of 2.9 10 7 CFU 206 per gram, as commonly found in sourdoughs from all over the world [1, 17, 46, 47] . We isolated 20 to 207 40 yeast strains from each sourdough and identified species using ITS sequence as well as other barcodes 208 when needed (see M&M section). A total of 1216 strains were characterized from 38 sourdoughs. In 209 addition, we developed an ITS1 meta-barcoding MiSeq sequencing method on sourdough (see sup 210 M&M). After filtering 5,360,620 raw ITS1 sequences for quality, abundance (0.005%) and chimera, 
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Both non culture-based and culture-based methods allowed the identification of the same dominant 223 species (defined as a species with an over 50% frequency) for all sourdoughs but five (B09, B20, B22, 224 B25, B41) ( Figure 3 ). In two cases, the discrepancy was explained by the detection of Cladosporium sp.
225
at high frequency with metabarcoding while this species could not be isolated in the laboratory ( Figure   226 3). In two other cases, it was explained by a high number of S. cerevisiae isolated in the laboratory 227 compared to what was observed using metabarcoding sequencing. Finally, in the last case, the 228 identification of Pichia kudriavzevii required additional sequencing as it shares an identical ITS with 229 Candida xylopsoci. Because metabarcoding allows a deeper characterization of the fungal species diversity with few discrepancy cases, the distribution of fungal species diversity will be further described 231 using metabarcoding data only. Previous analysis of the same sourdoughs revealed that L.
232
sanfranciscensis was the dominant bacterial species in all analysed sourdoughs but two, where the 233 dominant species was either L. curvatus or L. heilongjiangensis [13, 14] . Therefore, we decided to study 234 the distribution pattern of microbial species in the fungal community only.
235
Distribution of fungal species diversity over sourdoughs 236
All sourdoughs but two had a dominant yeast species with a relative abundance over 50% and 237 many species with a lower relative abundance ( Figure 3 ). Within sourdoughs, fungal species richness 238 ranged from 10 to 33, with a 23.5 median (Table S2 ). The effective number of species per sourdough 239 calculated from the Shannon diversity index ranged from 1 to 6.8 (Table S2) , with 70% of sourdoughs 240 having an index below 2 (Table S2 ). Between-sourdoughs species diversity was analysed using weighted 241 Unifrac distances, computed from a phylogenetic tree built from the distances between OTUs using 242 Sporidiobolales species as root ( Figure S2 ). Unifrac distances computed with four differently rooted 243 trees were highly positively correlated ( Figure S2 ). Unifrac distances between sourdoughs ranged from 244 0.0005 and 0.71, with a median of 0.49 and a mean of 0.52. There was no significant correlation between 245 the Unifrac distances and geographical distances between sourdoughs (Mantel test, P=0.35) ( Figure 4 ).
246
We then analysed specifically the distribution of yeast species diversity as yeast species, 247 together with lactic acid bacteria, are the main functional player in a sourdough ecosystem and for bread 248 quality. Over the 40 yeast species detected in the 38 sourdoughs, 12 had a relative abundance over 50% 249 in at least one sourdough, four had a relative abundance between 20% and 50% and 24 had a relative 250 abundance below 10%. All dominant species (relative abundance over 50%) were fermentative yeast 251 species, except in one sourdough that had a Cladosporium species. We found all the sourdough yeast 
The baker's yeast, Saccharomyces cerevisiae is not the most widespread yeast species in 256 sourdoughs 257
The well-known baker's yeast, Saccharomyces cerevisiae, was found in 53% of all sourdoughs (95% 258 confidence intervals=36% -69%) but was dominant (relative abundance over 50%) in only 24% (95% 259 confidence intervals=11% -40%) (Figure 3) . In two cases, S. cerevisiae co-occurred with another yeast 260 species at similar relative abundance. In the first case, S. cerevisiae was present at a relative abundance 261 of 40% with Candida sake at a 41% relative abundance. In the second case, it was found at a relative 262 abundance of 47% with Pichia kudriavzevii at a relative abundance of 52%. In all the other cases, S. 
265
This suggests that S. cerevisiae did not displace other species and can indeed be out-competed by other 266 species in sourdoughs. Therefore, despite the recurrent use of S. cerevisiae as starter, its massive use in 267 some bakeries and homes, and its occurrence in a wide range of habitats such as soil, trees, and humans 268 [2, 3] , this species does not appear to have overwhelmingly colonized French traditional sourdoughs 269 (Figure 3 ).
270
The Kazachstania genus is highly represented in sourdoughs 271
Kazachstania was the most represented yeast genus over all sourdoughs, when considering both the 272 number of reads over all sourdoughs and the number of detected species. Indeed, this genus represented 273 57% of the total number of reads while Saccharomyces represented 26% of the total number of reads.
274
In addition, eight species of the Kazachstania genus were found in sourdough, a much higher figure   275 than for the Saccharomyces genus, represented by only two species (S. uvarum and S. cerevisiae) ( Figure   276 3). Kazachstania species dominated in 54% (95% confidence intervals=36%-69%) of sourdoughs while 277 Saccharomyces species dominated in 27% only (95% confidence intervals=13%-43%). K. humilis, 278 followed by K. bulderi were the most commonly dominant Kazachstania species, and found in 279 respectively 21% (95% confidence intervals=10%-37%) and 15% of sourdoughs (95% confidence 280 intervals=6%-31%) (Figure 3) . K. humilis is common in sourdoughs and has been found in many countries, viz. China, Ethiopia, Finland, Germany, Morocco, USA, Italy, Belgium and France [49] [50] [51] [52] .
282
K. bulderi has been reported for the first time in anaerobic maize silage in the Netherlands and in 283 fermented liquid feed for piglets [53, 54] and more recently in French wheat sourdoughs [14, 17] . A yet 284 undescribed Kazachstania species was also identified in five sourdoughs (4.5%-29%) and found 285 dominant in three (1.7%-22%). Strains of this species were closely related to a strain previously isolated 286 from boza, a Bulgarian fermented drink, as estimated with ITS and LSU (D1D2) barcodes (Source: 287 NCBI, GenBank: KC118125.1 and KX369579.1). In addition, Kazachstania saulgeensis, a recently 288 described species [55, 56] , was dominant in one sourdough (0.07%-14%). Finally, several Kazachstania 289 species were detected for the first time as dominant in sourdoughs, whereas they had been previously 290 found in other environments, like soil (K. australis), sauerkraut (K. barnettii), fermented milk (K. 
293
The diversity of sourdough fungal communities was associated with differences in bread making 294 practices 295
We tested whether sourdough fungal community composition could be explained by bread making 296 practices. To do so, we performed univariate PERMANOVA analysis on the 30 bakers with less than 8 297 missing values for the 29 bread making practices variables (Table S3 ). The univariate analysis revealed 298 that the weighted Unifrac distance between sourdoughs varied significantly (P<0.05) with the use of 299 commercial yeast in bakery. It also varied significantly with sourdough age, chief sourdough origin 300 (dough, sourdough or both), the quantity of bread produced per week, the milling method (cylinder, 301 millstone, Astrie, Tyrol), the type of wheat variety (ancient, modern or a mix thereof) and the 302 fermentation duration. However, after FDR correction for taking into account multiple testing, none of 303 these variables significantly explained Unifrac distances.
304
In order to understand further the relationship between sourdough fungal community composition week, while groups 1 and 3 sourdoughs originated from bakeries producing very different amounts of 320 bread (ranging from amounts below 250 kg to over 1000 kg). In addition, group 1 sourdoughs were 321 more frequently found in bakeries that do not use commercial yeast while group 2 and 3 were more 322 frequently found in bakeries using the commercial yeast S. cerevisiae (Exact Fisher test, P=0.01).
323
Interestingly, group 1 sourdoughs harbored S. cerevisiae either at a relative abundancy below 1% or not 324 at all, while all groups 2 and 3 sourdoughs had S. cerevisiae at a relative abundancy over 20%, except 325 in three cases where it was either absent or at a relative abundancy below 6%.
326
To test more specifically the link between bread making practices and the distribution of 327 Kazachstania species, we analyzed more in depth group 1 sourdoughs. Other bread making practices than the ones studied here could also explain the distribution of yeast 334 species diversity. Interviews with the 5 bakers working with sourdough hosting Kazachstania bulderi 335 and the underscribed Kazachstania species suggested the role of dispersion of these species in French 336 sourdoughs. Indeed, these bakers have been connected over the years either through seed exchanges, 337 sourdoughs mixing or gifts, bread making training in common or working in one another's bakery.
338
Although sourdough bacteria have been shown to originate from the bakery house microbiota and flour 339 [59, 60] , the origins of yeast species found in sourdough are yet unknown.
341
Fungal community composition was partly related to sourdough acidity, maltose 342 concentration and hydration 343
The composition of fungal community may affect sourdough metabolic content (sugars, acids, alcohols) 344 via fungal strains metabolite consumption and production. Inversely, the presence and concentration of 345 different compounds (sugars, acids, alcohols) may also be one of the driver of fungal communities' 346 composition as those parameters may affect differently the different fungal strains fitness. For example, 347 lactic acid bacteria (LAB) are the main producers of acidity in sourdough, but yeasts also produce acetic 348 acid and may also indirectly affect acidity through positive or negative interaction with bacteria.
349
To investigate the relation between sourdough fungal communities and metabolic compounds, we (Table S5 ). The principal component 355 analysis based on all variables showed no evidence of sourdoughs grouping ( Fig S4) . As expected in 356 fermentation, yeast density was positively correlated to ethanol (r=0.74, P<0.001), glycerol (r=0.67,
357
P<0.001), and acetate (r=0.6, P<0.001) concentration. However, it was not significantly correlated to sugar concentrations. This might be explained by sugar competition and cross feeding that may exist 359 between yeasts and bacteria.
360
We then tested whether bread making practices group (farmers' practices and artisanal practices) 361 was associated with the variation of each quantitative variable separately. There was no significant effect 362 of the bread making practice group except for sourdough hydration that was significantly higher in 363 sourdoughs made using farmers' practices (F 1,94 =11,69, P<0.001). Sourdoughs made with farmer's 364 practices had in average 55% water while sourdoughs made with artisanal practices had in average 49% 365 of water.
366
In addition, we tested whether differences in fungal community were associated with any variation 367 in a quantitative variable (Table S5 ). Group 3 microbial community sourdoughs (definied by PCoA 368 clustering on Unifrac distance, see below), which contain S. cerevisiae in co-dominance with a second 369 yeast species (Candida sake, Pichia kudriavzevii or a Dipodascus species), had a significantly higher 370 mean pH (mean pH group3 =4.2 against pH group1 =3.8, Tukey Contrasts, P<0.001), lower TTA (mean TTA 371 group3 =7.7 against TTA group1 =17.1, Tukey Contrasts, P=0.002), and a higher maltose concentration (mean 372 Maltose group3 =52.8 mg/gr of sourdough against Maltose group1 =24.1 mg/gr of sourdough, Tukey Contrasts 373 P=0.002) than group1, having a Kazachstania dominant species. Compared to group 2 having in most 374 cases S. cerevisiae as dominant species, it also had higher pH (pH group2 =3.9, Tukey Contrasts, P=0.003), 375 and higher maltose concentration (Maltose group2 =23.7, Tukey contrast, P=0.003). These data may reflect 376 a lower fermentative activity for group 3 fungal community having two co-dominant species, and/or a 377 negative interaction effect of group3 fungal community on the activity of lactic acid bacteria (LAB),
378
which are the main producers of sourdough acids. Previous studies on the bacteria content of the same 379 sourdoughs showed that L. sanfranciscensis was most generally the dominant species, although L. 380 heilongjiangensis, L. curvatus or L. brevis were also found as dominant species [13, 14] . We found no 381 significant correlation between LAB and yeast densities (r= -0.15, p= 0.45, Fig S4) but the link between 382 fungal and bacteria community might be species and strains dependent. Additional studies on the 383 interactions between fungal and bacterial communities need to be performed to better understand how 384 they may drive sourdough acidity and sugar content.
Finally, we analysed whether the difference in dominant yeast species was associated with some 386 variation of any of the studied quantitative variables. We only considered the 26 sourdoughs having 387 either S. cerevisiae (9 sourdoughs), K. humilis (8 sourdoughs), K. bulderi (6 sourdoughs) or K. sp (3 388 sourdoughs) as dominant species, since the other yeast species were found dominant only once. The 389 differences in dominant species was not significantly associated to variation in sourdough sugar, acids 390 or alcohol concentration. However, K. bulderi was found in significantly more hydrated sourdoughs 391 (63% water content in average) compared to the three other dominant species, K. humilis, K. sp., and S. 392 cerevisiae, found in sourdoughs having respectively 49%, 47%, 53 % water content in average (Tukey 393 Contrasts, P<0.001; P<0.001; P<0.001). K. bulderi was found to be dominant only in sourdoughs made 394 using farmers' practices, a bread making practice group that was also found to be associated with more 395 hydrated sourdoughs. Additional experiments should be carried out to test whether this species has 396 indeed a better fitness in more hydrated sourdoughs or whether its presence in more hydrated sourdoughs 397 is related to covariation with other farmer practices.
398
Conclusion and perspectives 399
In conclusion, a great diversity of bread making practices and fungal community composition 400 was found in our sample of French sourdoughs. Surprisingly, the well-known baker's yeast 401 Saccharomyces cerevisiae was found dominant only in one fourth of the sampled sourdoughs. By 402 contrast, several species of the neighbouring genus Kazachstania (including one yet undescribed 403 species) were detected at high frequency, revealing a major role for this mostly unknown genus in the 404 study of fungal domestication and in bread making. The fungal community diversity was partly 405 explained by the diversity in bread making practices. It was also partly associated with sourdough acidity 406 and maltose concentration, suggesting the role of fungi/bacteria interaction in sourdough functional 407 diversity. To our knowledge, this is the first evidence of the influence of artisanal practices on taxonomic 408 and functional diversity in microbial communities. Therefore, our results highlight the necessity of 409 maintaining socio-cultural diversity to maintain microbial diversity in food systems. These findings could not have been evidenced without the collaboration of bakers and scientists, showing the 411 importance of participatory research projects to gain new insight into biodiversity preservation.
412 Figure 3 . Yeast species diversity was analyzed for 38 out of the 39 sourdoughs with both cultural and 595 metabarcoding methods. Sourdough B14 was excluded from microbial analyses, because of difficulties 596 in isolating strains from the sample, suggesting that this sourdough's microflora was no longer active.
597
Left: species were identified by traditional microbial isolation and identification using ITS sequencing.
598
Right: species were identified using ITS1 metabarcoding. 
